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INTRODUCTION
1 Aneuploidy refers to karyotypes that are not an exact multiple of the haploid 2 genome (Birchler and Veitia, 2007; Tä ckholm, 1922; Torres et al., 2008; Torres et al., 3 2010b) and is a hallmark of tumor cells (Albertson et al., 2003; Holland and Cleveland, 4 2009; Siegel and Amon, 2012; Weaver and Cleveland, 2006) . At the cellular level, 5 aneuploidy usually exhibits a reduced proliferation rate (Birchler and Veitia, 2012; Torres 6 et al., 2008) . For example, in the budding yeast Saccharomyces cerevisiae, proliferation 7 rate of aneuploidy is reduced significantly under non-stress conditions (Parry and Cox, 8 1970; Pavelka et al., 2010) . Similar observations were also reported in the fission yeast 9 Schizosaccharomyces pombe (Niwa et al., 2006; Niwa and Yanagida, 1985) and 10 mammalian cells (Baker et al., 2004; Segal and McCoy, 1974; Stingele et al., 2012; 11 Thompson and Compton, 2008; Williams et al., 2008) . Aneuploidy has also been 12 suggested to suppress the proliferation of tumor cells (Sheltzer et al., 2017) . The apparent 13 fast expansion of tumor cell population is likely because mutations in cell cycle-related 14 genes remove the proliferative restrictions imposed on individual cells in multicellular 15 organisms, obscuring the adverse effect of aneuploidy (Holland and Cleveland, 2009; 16 Torres et al., 2008; Torres et al., 2010b) . 17 Although the reduced proliferation rate has been observed in many types of 18 aneuploid cells, the mechanistic link between the two remains under investigation. Two 19 mutually non-exclusive hypotheses have been proposed. The balance hypothesis asserts 20 that the disruption of the stoichiometric relationship among subunits in a macromolecular 21 complex perturbs its function and can cause cytotoxicity (Birchler and Veitia, 2007, 22 2010; Papp et al., 2003; Veitia, 2002 Veitia, , 2005 . Consistent with the balance hypothesis, gain 23 or loss of some chromosomes in a genome usually results in greater growth defects than 24 complete duplication of all chromosomes (Birchler and Veitia, 2010; Otto and Whitton, 25 2000) . In addition, the overexpression of the α-tubulin gene can partly rescue the lethality 26 caused by the overexpression of the β-tubulin gene (Abruzzi et al., 2002; Katz et al., 27 1990), demonstrating the importance of dosage balance within a protein complex. The 28 burden hypothesis was proposed based on the observation that aneuploid cells were under 29 proteotoxic stress (Oromendia et al., 2012) , which implies that the synthesis, folding, and 30 degradation of the extra protein subunits are a burden to aneuploid cells (Dephoure et al., 31 2014; Torres et al., 2010b) . In fact, 50% to 70% of extra subunits in an imbalanced 32 complex are degraded (Dephoure et al., 2014; Ishikawa et al., 2017) . For example, 33 histone and ribosomal proteins that are not assembled are rapidly degraded (Abovich et 34 al., 1985; Agrawal and Bowman, 1987; elBaradi et al., 1986; Gunjan and Verreault, 35 2003; Maicas et al., 1988; Warner et al., 1985) . Related to this, aneuploid cells are more 36 sensitive to drugs inhibiting protein synthesis, folding, or proteasome function (Tang et 37 al., 2011; Torres et al., 2007; Whitesell and Lindquist, 2005) . 38 4 Previous studies investigating the causes of the reduction in proliferation rate in 1 aneuploid cells were mainly conducted in disomic (n+1) or trisomic (2n+1) aneuploid 2 cells (Dephoure et al., 2014; Oromendia and Amon, 2014; Oromendia et al., 2012; 3 Stingele et al., 2012; Thorburn et al., 2013; Torres et al., 2010a; Torres et al., 2007; 4 Williams et al., 2008) . In n+1 or 2n+1 cells, both the balance hypothesis and the burden 5 hypothesis predict that proliferation rate will decrease as the number of additional genes 6 increases because more genes results in more imbalanced protein complexes. Indeed, 7 proliferation rate is negatively correlated with the size of the additional chromosome in 8 n+1 or 2n+1 cells (Sheltzer and Amon, 2011; Torres et al., 2007) . However, tumor cells 9 usually exhibit karyotypical abnormalities involving many chromosomes (e.g., 2n+x 10 where x>1) (Holland and Cleveland, 2009; Weaver and Cleveland, 2006) . 2n+x cells will 11 contain a mixture of protein complexes balanced at the 2-copy level, complexes that are 12 imbalanced, and complexes balanced at the 3-copy level. Thus, the number of imbalanced 13 protein complexes does not necessarily monotonically increase as the number of 14 additional genes increases in an aneuploid tumor cell. Given this emergent property, new 15 mechanisms that underlie variation in proliferation rate in more complex aneuploid cells 16 may exist. In this study, we used S. cerevisiae to generate a variety of 2n+x cells and 17 determined how gene copy number affects proliferation. 
RESULTS

1
Proliferation rate of a 2n+x yeast strain is negatively correlated with the total 2 number of genes on these x chromosomes 3 We obtained a variety of 2n+x (n=16) budding yeast strains by collecting the 4 meiotic products of a pentaploid strain (5n, Fig. 1A and Fig. S1A ). We focused on 10 5 tetrads in which all 4 meiotic products were viable ( Fig. 1B) . Colony size varied among 6 these strains ( Fig. 1B) . We quantified the area of each colony after a 4-day growth on the 7 tetrad dissection plates and used this to infer the proliferation rate of these 2n+x strains. 8 We performed DNA-seq to obtain the karyotypes of these strains ( Fig. 1C and   9 Fig. S2). The number of additional chromosomes per strain, x, varied between 5 and 12 10 among these 2n+x strains, with a mean of ~8 ( Fig. 1D-E and Table S1 ). Importantly, 11 segregation was independent among each of the 16 chromosomes (Fig. S1B) . The total 12 number of additional genes varied from 1,764 to 5,376 ( Fig. 1D) and was negatively 13 correlated with proliferation rate (Fig. 1F) . Although this observation appears to be 14 consistent with both the balance and the burden hypotheses and with previous findings in 15 n+1 or 2n+1 aneuploid cells (Niwa et al., 2006; Sheltzer and Amon, 2011; Torres et al., 16 2007; Torres et al., 2008; Torres et al., 2010b; Williams et al., 2008) , the interpretation is 17 different, as we will explain in the following sections.
19
The number of 3-copy balanced protein complexes (N3-copy) is negatively correlated 20 with proliferation rate 21 We examined the relationship between the status of protein complexes in a 2n+x 22 strain and its proliferation rate. We used a manually curated (Pu et al., 2009 ) set of 408 23 protein complexes containing 1,617 subunits. In each strain we defined a protein complex 24 as imbalanced if some subunits of it are encoded by 2 copies of DNA whereas others are 25 encoded by 3 copies; by contrast, a 2-copy or 3-copy balanced complex has all of its 26 subunits encoded by 2 or 3 copies of DNA ( Fig. 2A) . We counted the number of 2-copy 27 balanced (N2-copy), imbalanced (Nimb), and 3-copy balanced (N3-copy) protein complexes, 28 respectively, in each 2n+x strain ( Fig. 2A) . The simulation showing N2-copy monotonically 29 decreases and N3-copy monotonically increases as the number of additional chromosomes 30 increases. In contrast, Nimb first increases and then decreases ( Fig. 2B) . Because the total 31 of them (N2-copy+Nimb+N3-copy) is equal to the total number of protein complexes (408), we 32 can draw an equilateral triangle where each dot represents a 2n+x strain and the distances 33 to three edges represent the numbers of protein complexes in the above-mentioned three 34 categories ( Fig. S3A) , for the convenience of better illustration. As expected, as the 35 number of additional genes increased, N2-copy monotonically decreased and N3-copy 36 monotonically increased. In contrast, Nimb first increased and then decreased ( S3A) . Therefore, the properties that affect proliferation in complex aneuploidies may 1 be fundamentally different from those in cells that have gained or lost only a single 2 chromosome. 3 The balance hypothesis predicts a negative correlation between Nimb and 4 proliferation rate (Fig. 2D) . However, such a correlation was not observed (r = 0.01, P = 5 0.94, Pearson's correlation, Fig. 2E) . Intriguingly, the proliferation rate of 2n+x strains 6 was negatively correlated with N3-copy (r = -0.50, P = 1×10 -3 , Fig. 2E ). We therefore 7 speculated that the reduced proliferation rate in 2n+x strains with large numbers of 3-8 copy complexes was caused by an increase in dosage of entire and balanced protein 9 complexes (the "overdosage hypothesis") ( Fig. 2D) . 10 It is worth noting that the negative correlation between N3-copy and proliferation 11 rate remains after controlling for confounding factors. For example, we further classified 12 protein complexes into 20 GO categories according to their subcellular localizations and 13 still observed a negative correlation between N3-copy and proliferation rate in each GO 14 category (P < 0.05 in 14 categories, Fig. S3B and Table S2 ), suggesting that this 15 negative relationship is independent of subcellular localizations. In addition, we separated 16 protein complexes into two categories according to whether some subunits of the 17 complex are encoded by genes from the whole genome duplication (WGD). The negative 18 correlation between N3-copy and proliferation rate remained in both categories ( Fig. S3C) , 19 suggesting that the overdosage of entire protein complexes reduces cell proliferation rate 20 even among the protein complexes that are sensitive to dosage balance (Papp et al., To determine if the correlation between N3-copy and proliferation rate is a by-product 24 of the correlation between the number of additional genes and proliferation rate, we 25 further performed a permutation test to investigate the impact of N3-copy on proliferation 26 rate. We randomly sampled genes from the genome and assigned genes into "pseudo" 27 protein complexes, while keeping the total number of complexes and the number of 28 subunits in each complex unchanged. For each set of "pseudo" protein complexes we 29 calculated the correlation between N3-copy and proliferation rate. We performed this 30 sampling 10,000 times and found that the experimentally observed correlation coefficient 31 between N3-copy and proliferation rate was significantly stronger than the random 32 expectation (P = 0.04, Fig. S3D ).
34
The number of 2-copy balanced protein complexes in n+x yeast strains is negatively 35 correlated with proliferation rate 36 For a second test of the overdosage hypothesis, we used 16 stable n+x haploid 1 yeast strains, each of which contains an extra copy of between 1 and 13 chromosomes 2 (Pavelka et al., 2010) . A 2-copy complex in an n+x strain (haploid background) is 3 equivalent to a 3-copy complex in a 2n+x strain (diploid background) because in both 4 cases the cell has one extra copy of complexes in addition to the 1-copy or 2-copy 5 complement ( Fig. S4) . In agreement with the observations in 2n+x yeast strains, the 6 number of two-copy balanced complexes in n+x strains (N'2-copy) was negatively 7 correlated with proliferation rate (r = -0.80, P = 2×10 -4 , Fig. 2F ), providing additional 8 support for the overdosage hypothesis. generating a 2-copy variant marked with GFP for the competition assay ( Fig. 3A , left 22 side). We co-cultured the 2-copy and 3-copy variants in rich media and used flow 23 cytometry to measure the relative frequency of each variant over time ( Fig. 3A) . 24 The balance hypothesis predicts that the 2-copy and the 3-copy variants should 25 have a similar growth rate because the copy number of each gene within the protein 26 complex is the same (Fig. 3B) . In contrast, the overdosage hypothesis predicts that the 2-27 copy variant should have a higher growth rate because it confers the wild-type 28 concentration of the protein complexes ( Fig. 3B) . We found that the 2-copy variant 29 outcompeted the 3-copy variant for each of the three tested complexes (Fig. 3C) , 30 supporting the overdosage hypothesis. 31 A more rigorous test to distinguish between the balance and the overdosage 32 hypotheses is to convert a balanced 3-copy complex to an imbalanced complex by 33 deleting a copy of only one subunit ( Fig. 3A, right side) . The balance hypothesis predicts 34 that the imbalanced strain should have a worse proliferation rate than the 3-copy variant 35 ( Fig. 3B) . By contrast, the overdosage hypothesis predicts that this imbalanced strain 36 should have a higher proliferation rate than the 3-copy variant, because the concentration 37 8 of the protein complex is reduced to the wild-type level (Fig. 3B) . The imbalanced 1 variant outcompeted the 3-copy variant for each of the three tested complexes ( Fig. 3D) , 2 in support of the overdosage hypothesis. Stingele et al., 2012) ( Fig. 4A) . We speculated that when all subunits of a protein 10 complex are balanced at the 3-copy level, the extra proteins are assembled and less likely 11 to be degraded, leading to an increased protein complex dosage ( Fig. 4A ). This increase 12 may create a stoichiometric imbalance at a higher level, e.g., within a biochemical 13 pathway or signaling pathway, between transcription factors and their DNA targets, etc., 14 and causes the reduction in proliferation rate. 15 To test this hypothesis we quantified the transcriptomes and proteomes in nine 16 2n+x strains and in a diploid 2n strain ( Fig. 4B-C) . For each 2n+x strain we divided genes 17 into three classes: in an imbalanced protein complex, in a 2-copy balanced protein 18 complex, and in a 3-copy balanced protein complex (Fig. 4D) . In balanced protein 19 complexes, the majority of 3-copy genes exhibited on average a 3n protein level (Fig. 20 4D), consistent with their increase in both DNA and mRNA ( Fig. S5A) . In contrast, in 21 imbalanced protein complexes, the protein concentrations of ~50% of the 3-copy genes 22 were more similar to those of 2-copy genes ( Fig. 4D) , although their mRNA 23 concentrations still exhibited a 0.5-fold increase ( Fig. S5A) . 24 Examination of two protein complexes showed that when all subunits of a protein 25 complex are balanced at the 3-copy level, the protein levels of these subunits increased 26 ( Fig. 4E and Fig. S5B-D) . In contrast, the additional subunits in imbalanced protein 27 complexes were specifically degraded ( Fig. 4E and Fig. S5B-D) . These observations 28 suggest that the DNA copy number increase of all subunits in a protein complex 29 facilitates the escape from surveillance mechanisms that specifically degrade individually 30 overexpressed subunits. This escape leads to the overdosage of the protein complex. To understand why the overdosage of balanced protein complexes is deleterious, 34 we identified individual dosage-sensitive protein complexes that lead to a reduction in 35 9 proliferation when present in 3 copies. For each complex, each 2n+x strain can be 1 classified into one of the following three groups (Fig. 5A) . If all subunits of the complex 2 are at the 2-copy (or 3-copy) level, we classified this strain into group 2 (or group 3). By 3 contrast, if some subunits are at the 2-copy level whereas others are at the 3-copy level, 4 we classified this strain into group i (imbalance). The overdosage hypothesis predicts that 5 the strains in group 3, where the dosage of balanced protein complexes is higher, will 6 exhibit significantly lower proliferation rates than those in group 2 ( Fig. 5B and Fig. S4) . 7 We compared the proliferation rates between these two groups of strains for each protein 8 complex and in total identified 123 dosage-sensitive protein complexes (P < 0.05, t test, 9 Table S3 and Fig. S6 ). Tubulins as an example were shown in Fig. 5B . 10 We retrieved all 387 genes encoding the subunits of these dosage-sensitive protein 11 complexes ( Fig. 5B) . Intriguingly, the only KEGG term where these genes were enriched 12 was "cell cycle" (False discovery rate FDR = 0.01, Fig. 5C and Table S4 ). This is in 13 agreement with the previous findings that cell-cycle abnormality was common among 14 aneuploid cells (Beach et al., 2017; Thorburn et al., 2013; Torres et al., 2007) . To 15 quantify the cell-cycle defects in these strains, we used Sytox Green straining and flow 16 cytometry to analyze the cell-cycle distribution, and observed that a cell-cycle delay in G1 17 stage was negatively correlated with proliferation rate (r = -0.71, P = 8.7×10 -4 , Fig. 5D -18 E), suggesting that the variation in proliferation rate among our 2n+x strains can be partly 19 explained by the overdosage of cell cycle-related complexes that lead to abnormality in 20 cell-cycle progression.
22
Overdosage of entire protein complexes is depleted human cancer cells 23 To determine if what holds for yeast cells also applies to human cancer cells, we 24 tested the overdosage hypothesis with copy number variation data from 10,995 cancer 25 samples across 26 cancer types collected in The Cancer Genome Atlas (TCGA) (Cancer 26 Genome Atlas Research Network et al., 2013) . We retrieved the information of 1,521 27 human protein complexes annotated in the Human Protein Reference Database (Keshava 28 Prasad et al., 2009) . For each protein complex and in each cancer type, we counted the 29 number of cancer samples with this complex balanced at the 3-copy level (S3). As a 30 control, we shuffled the DNA copy numbers of genes encoding subunits of all protein 31 complexes within each cancer sample to obtain the expected S3. We identified 85 protein 32 complexes in which the observed S3 were significantly smaller than the expected S3 (P < 33 0.05, paired t test, df = 25, Fig. 6A-B , Table S5 ). The subunits of these 85 complexes 34 were enriched in the pathways inhibiting the proliferation of cancer cells. In addition to 35 the cell-cycle pathway (e.g., apoptosis and p53, Fig. 6C ) that were also identified in 36 yeast, overdosage of protein complexes related to immune reaction was avoided as well. 37 10 In contrast, significantly less protein complexes exhibited greater observed S3 (39 vs. 85, 1 P = 4.4×10 -5 , binomial test) and these complexes were not enriched in any pathways. Aneuploid cells have a lower proliferation rate than euploid cells (Birchler and 5 Veitia, 2010; Otto and Whitton, 2000) , most likely due to a deviation in the balance of 6 gene copy number (Torres et al., 2008) . However, the type of genetic imbalance that 7 causes slow growth remains elusive. Most previous studies focused on imbalance within 8 a protein complex (Papp et al., 2003) . A number of studies pointed out that aneuploidy 9 could also lead to other types of imbalance, of the same biochemical pathway or signaling 10 pathway, between transcription factors and their DNA targets (Birchler and Veitia, 2007 , 11 2010 , 2012 Veitia, 2004 Veitia, , 2005 , etc. However, there was no genome-wide experimental 12 evidence that imbalance, other than that within a protein complex, could result in a 13 growth defect. In this study we provide the first evidence for the importance of dosage 14 balance beyond that within a protein complex. 15 In this study we explicitly tested for the support of the balance hypothesis as an 16 overall determinant of proliferation rate and for each complex independently. Whereas 17 our data do support the balance hypothesis that copy-number imbalance of subunits 18 within individual protein complexes results a proliferation defect (76 out of 408 protein 19 complexes, Table S3 and Fig. S6) , in our data the overall effect of imbalance on 20 proliferation rate is minimal. The balance hypothesis predicts a negative correlation 21 between proliferation rate and Nimb, but we did not find such correlation in either n+x or 22 2n+x cells. 23 There are at least four possible reasons why the genomic-scale imbalance (Nimb) 24 does not correlate with proliferation in our data. First, it is possible that severe 25 imbalances within protein complexes were lethal, and thus, the individuals suffering from 26 them cannot be included in this study. Second, mechanisms exist whose end result is that 27 an increase in gene copy-number of a single subunit does not lead to an increase in 28 protein levels (Birchler and Veitia, 2012; Dephoure et al., 2014; Ishikawa et al., 2017; 29 McShane et al., 2016; Stingele et al., 2012) . This was the dominant effect in this study; 30 over 50% of subunits present in 3 copies in imbalanced complexes were expressed at the 31 2-copy level in the proteome (Fig. 4) . A third possible reason for the lack of correlation 32 between the number of imbalanced protein complexes (Nimb) and proliferation rate is 33 additional effects from other factors, namely the total number of additional genes and the 34 number of 3-copy balanced complexes (N3-copy). Indeed, a linear model that predicts 35 proliferation rate from all three parameters: the number of additional genes, Nimb, and N3-36 copy, performs better (AIC = 60) than models that include the number of additional genes 37 11 plus one of the other two parameters (AIC = 68.5 after removing N3-copy and 71.7 after 1 removing Nimb). Therefore both the balance and the overdosage hypotheses are supported 2 by our data. Lastly, "bridge" subunits (Bray and Lay, 1997) play a central role in the 3 assembly of protein complexes and are likely more sensitive to stoichiometric imbalance . 4 However, such bridge subunits have not been identified genome-widely. The effect of the 5 imbalance of such subunits may be masked by a large number of other subunits that are 6 not sensitive to stoichiometric imbalance. 7 Protein complexes that are avoided to be balanced at the 3-copy level in human 8 cancer samples were enriched in a number of pathways (Fig. 6) . Surprisingly, some of 9 these signaling pathways seem to promote tumorigensis (e.g., Ras pathway). However, a Keshava Prasad, T.S., Goel, R., Kandasamy, K., Keerthikumar, S., Kumar, S., 31 Mathivanan, S., Telikicherla, D., Raju, R., Shafreen, B., Venugopal, A., et al. (2009). 32 Human Protein Reference Database--2009 update. Nucleic acids research 37, D767-772. 33 Li, H. (2011). A statistical framework for SNP calling, mutation discovery, association 34 mapping and population genetical parameter estimation from sequencing data. 35 Bioinformatics 27, 2987-2993. 36 Loidl, J. (1995) . Meiotic chromosome pairing in triploid and tetraploid Saccharomyces 37 cerevisiae. Genetics 139, 1511-1520. 38 Maicas, E., Pluthero, F.G., and Friesen, J.D. (1988) . The accumulation of three yeast 39 ribosomal proteins under conditions of excess mRNA is determined primarily by fast 40 protein decay. Molecular and cellular biology 8, 169-175. 41 McKenna, A., Hanna, M., Banks, E., Sivachenko, A., Cibulskis, K., Kernytsky, A., 42 Garimella, K., Altshuler, D., Gabriel, S., Daly, M., et al. (2010) . The Genome Analysis McShane, E., Sin, C., Zauber, H., Wells, J.N., Donnelly, N., Wang, X., Hou, J., Chen, 1 W., Storchova, Z., Marsh, J.A., et al. (2016) III strain can mate with a MATα strain. The 5n-Chr III strain was constructed by two 9 rounds of mating (Fig. S1A) . In the first round, a 2n strain was generated by crossing 10 Y12 and NCYC110 and a 3n-Chr III strain was generated by crossing UWPOS05-217.3 11 and M22. After that, MATα and MATa loci were knocked out in the 3n-Chr III and 2n 12 strains, respectively. In the second round of mating, the 5n-Chr III strain was obtained by 13 crossing the 2n and 3n-Chr III strains generated above. Three 5n-Chr III strains were 14 independently generated. Interestingly, one of them gained a copy of Chr III and Chr VII 15 and another lost a copy of Chr XIV. These initial strains were referred to as 5n for short 16 hereafter and in the main text. 17 5n cells were sporulated to generate 2n+x yeast strains. Cells were pre-grown in 18 liquid YPD culture (1% yeast extract, 2% peptone, and 2% dextrose) and were transferred 19 to the pre-sporulation media (1% yeast extract, 2% peptone, and 1% potassium acetate), 20 where cells grew for 18-24h to reach the late log phase (1×10 7 to 2×10 7 cells/ml). Cells 21 were harvested by centrifugation (3000g, 5 min) at room temperature and were washed 22 twice with sterile distilled H2O. Cells were further resuspended in the sporulation media 23 (1% potassium acetate) at a final density of 1×10 7 to 2×10 7 cells/ml and were incubated 24 in a shaking incubator at 30°C and 200 rpm for 4 days, after which tetrad dissections 25 were performed.
26
Quantification of proliferation rate 27 Proliferation rates of these 2n+x strains were estimated by calculating the areas of 28 colonies, after a 4-day growth on the tetrad dissection plates. The images of 40 colonies 29 were converted to binary images with the function "im2bw" in MATLAB (level = 0.7). 30 The area of each colony was qualified with the function "regionprops". To control for 31 batch effects across plates, the proliferation rate of each strain was divided by the average 32 proliferation rate of all 2n+x strains on the corresponding plate. The proliferation rate of a 33 2n+x strain was further normalized by the maximal proliferation rate among all 40 34 aneuploid strains. Cells that separated in meiosis II usually had similar but not identical 35 karyotypes and proliferation rates (Fig. 1B, D-E) , probably due to sister chromatid mis-36 23 segregation or chromosome translocations during meiosis (Loidl, 1995) . Therefore, they 1 were treated as independent samples. reads were aligned to the S288C reference genome, the SNP information of these strains 10 was obtained by SNP calling with GATK and samtools (Li, 2011; McKenna et al., 2010) . 11 Only concordant SNPs that were called by both tools were used for further analysis. In 12 total, we identified 24751, 38179, 29333, and 33497 strain-specific SNPs that were 13 unique in Y12, M22, NCYC110, and UWOPS05-217.3, respectively. We then divided 14 each chromosome in a 2n+x strain into non-overlapping 2000 bp windows, and counted 15 the number of strains that contributed to the DNA in each window based on their unique 16 SNPs. If a chromosome contains more than 20 windows where SNPs are contributed by 3 17 strains, the chromosome was classified as a 3-copy chromosome. The classification was 18 further manually curated. 3-copy chromosomes exhibited on average a ~1.5 fold 19 sequencing read density of that of 2-copy chromosomes (Fig. S2) , suggesting that the 20 genome remained stable at least in the first few rounds of cell division after sporulation. 21 Some chromosomes are 1-copy and some are chimeric, with part of them 2-copy and the 22 rest 3-copy, probably due to the mis-segregation or chromosome translocation during 23 meiosis. For such chromosomes, the copy numbers of the regions with a larger size are 24 shown in Fig. 1D . It is worth noting that SNPs may potentially affect the proliferation 25 rates of these 2n+x strains. Nevertheless, partial correlations between T and proliferation 26 rate remained significant after controlling for the proportion of SNPs (Y22; M22; 27 NCYC110; UWOPS05-217.3) from each parental strain in a 2n+x strain (r = -0.45, P = 28 0.005; r = -0.51 P = 0.001; r = -0.51 P = 0.001; r =-0.50 P = 0.001, respectively). Here, 29 the SNP proportion of a parental strain in a 2n+x strain was calculated as the total number 30 of reads matching the unique SNPs of the parental strain divided by the total number of 31 reads covering the unique SNPs of this parental strain. 32 
